The engineering communities are using vibration-based damage identification techniques for structural damage detection since many years. Whenever a damage or crack occurs in the structure, then it loses its stiffness, which alters the vibrational characteristics of the structure. In vibration-based damage identification techniques, the change in vibrational characteristics is used for detection of damages in the structure. In this work, the multiple damage detection in the plate structure has been performed by curvature mode shapes along with filtering technique of gapped smoothing method for getting better results of multiple damage detection. For implementation of this modified technique, a plate-like structure with different damage scenarios has been considered. Mode shape data of damaged plate structure are taken using ANSYS Parametric Design Language finite element software. The obtained mode shape data are further analyzed in MATLAB to localize the damage by generating a damage index. To examine the efficiency of gapped smoothing method, the simulated data are further contaminated with various noise levels. Overall, this work presents the minimization of noise level in measurement data for multiple damage detection in two-dimensional plate structures by curvature mode shape method along with filtering technique of gapped smoothing method.
Introduction
The life span of structure can be improved by appropriate maintenance and health monitoring of structures. 1 The health monitoring of the structure is commonly used to track the incipient faults or structural damages. Early detection of the structural damage is very necessary part of the structure's health; otherwise, it could lead to catastrophic failure that results either in a life loss and/or economic calamity. The structural health is monitored before and after the appearances of damages to provide remedies for curing such type of issues. identification techniques (VBDIT), can be used to detect the structural damage. The main advantages of choosing the VBDIT are easiness of implementation and proficiency to attain the local and global information of the structure. The structural damage can be detected by alteration in either of above-mentioned vibration characteristics (modal damping, natural frequency, and mode shapes). [7] [8] [9] Busca and Limongelli 4 did some experimentation on the cantilever beam structure using method of modal shape curvature. The results showed that it required high-quality data for damage detection of beam structure. 4 Rucˇevskis et al. 9 improved vibration-based damage detection method, which uses only the mode shape information from the damaged part of the structure. Some experiments were performed to implement this proposed method using a scanning laser vibrometer with a PZT actuator. The sum of squares of mode shape curvature was taken to minimize the noise from the modal data of the damaged part. 10 In this proposed work, we have focused on curvature mode shapes (CMSs), because in case of CMS, the changes in the rotation of mode shapes 11 are found to be more sensitive to identify the local changes in the irregular structure. CMS can also be directly or indirectly used to detect single or multiple damages. [12] [13] [14] However, the CMS method implementation requires the undamaged (healthy) structure information, which is not possible to attain sometimes. Furthermore, it is also sensitive to noise in the measurement data. All these issues can cause false or misleading results for damage detection. To resolve this problem, an effective filtering technique is required to reduce noise and to generate reliable results. In this work, to obtain effective results for multiple damages/cracks in the structures, gapped smoothing method (GSM; filtering technique) has been used along with CMS for onedimensional (1D) beam and two-dimensional (2D) structure. 15 The undamaged (healthy) structure information is not required if we use GSM along with CMS, which makes GSM a suitable choice for CMS-based crack detections. GSM is a powerful method to locate the sudden change in the curvature mode shape, 16 and it is preferred because it minimizes the irregularities which are induced in the curvature shape to detect damage. 12 CMS smoothness is provided by gapped polynomial 13, 14 
where q and r are the coefficients of ∂ qr and are obtained by surface fitting; k and l are the order of polynomial which is equal to 4, because cubic polynomial is used for smoothing; C f i ðx; yÞ is the ith mode which represents the curvature of healthy plate. Fitting of curvature can be obtained by equation (1) . In this method, the curvature mode shape of the undamaged (healthy) structure has a smooth surface, and it is approximated by a polynomial. CMS is a method that is used to find the damage index (DI) of the structure (healthy and unhealthy) by taking the second derivative of mode shapes. The central difference approximation method or direct measurement system can be used to calculate the CMS C 
Here, u i (x, y) denotes the amplitude of displacement mode shape of the plate; uniform spacing of the grid points in the x and y directions represented with h x and h y . DI can be described as the square of the difference of C d i ðx; yÞ and C f i ðx; yÞ, and mathematically it is considered as
Higher DI was found even with a small irregularity in the curvature mode shape, so DI indicates the presence of damages or cracks in the structure. However, noise in the data also has a substantial effect on the DI that becomes a reason for false damage indication. So, GSM helps in avoiding misleading results for damage detection. Thus, it becomes compulsory to get the noise range that will affect in getting maximum benefits of GSM. Many previous works 4, 10, [17] [18] [19] concluded that methods used to detect large cracks are noise sensitive in nature. Some methods can detect small damage in the structure, but they could not respond effectively due to noise in the data. Single crack in the structure either in beam or in plate can easily be detected; however, most methods are inefficient for multiple damage detection. 4, 10, [17] [18] [19] The objective of this study is to minimize the noise level in the measurement data for detection of multiple damages in plate-like structures by implementing a filtering technique of GSM. The second objective is to expand the 1D damage detection technique on beam structures to 2D plate-like structures. In the end, a brief discussion on change in natural frequencies for both damaged and undamaged structure has also been presented.
Materials and methods
The response of plates has the core importance in this research, and to study the behavior of plates, the numerical model analysis based on the finite element modeling can be done using the commercialized software ANSYS, which is based on finite element analysis (FEA). For investigation purpose in ANSYS mechanical Parametric Design Language (APDL), the geometric and material characteristics of the steel plate are given in Tables 1 and 2 , respectively.
The mode shape data for the first seven modes are extracted from all the surface nodes generating a matrix of size 51 3 101. SOLID185 element type is used for finite element (FE) three-dimensional (3D) modeling of the plate. This element has eight nodes with 3 degrees of freedom at each node, that is, translation in the nodal x, y, and z directions. It also has the capacity for large strain deflection, plasticity, and stress stiffening of the structure. For comparing damaged plates with each other, three damage scenarios are deeply investigated. Multiple damages are taken in the plate in different sizes and at different locations: The first two damages are induced by reducing the E (elastic modulus) of elements by 30% in the damaged area. The through-width cracks are simulated by modeling the plate as three separate blocks and then merging the nodes of two sides of the three blocks together, except the nodes where the cracks are present. Simulations have also been performed for more than two damages (e.g. three damages), and the results are provided in Supplementary Information (Supplemental Figure S1 ).
Experimentation and results
Displacement mode shapes of the damaged plate are achieved by the implementation of CMS along with GSM. The obtained results with the first seven bending modes show that this modified method can identify the locality of all three types of damages in ideal situation (noise-free), particularly in the last three modes. The contour plot of damage indices for all three types of damages are shown in Figures 4-6 . Hence, fifth, sixth, and seventh modes are only considered for damage detection in plate structure. The first four modes are omitted from this research work because of their insensitivity to all three types of damages. The modal curvature has the tendency to detect the damage, so it is important to obtain the curvatures with superior accuracy. Precision in the curvatures will be brought by the help of mode shapes accuracy, but this is very sensitive to measurement. Even a little noise in the modes is amplified in the curvatures due to the use of second-order numerical differentiation. These measured mode shapes cause local discrepancy in the measurement data and may produce peaks in the mode shape slope, curvature, and curvature square profiles. As a result, these peaks may be confused with damage, and hence, false or misleading results of damages may be occurred. So, several simulations have to be performed in order to expose the estimation process to realistic conditions. To evaluate the performance of the above described method, the effect of noise in the measurement data is simulated. A series of normally distributed random numbers are introduced into the first Figure 6 . Detection of damages case 3 by fifth, sixth, and seventh modes-noise-free case. where m 0 i and m i are the ith displacement mode shape with and without noise, respectively; r is the normally distributed random variables with a mean equal to 0 and a variance equal to 1; g is the random noise level; and m i;rms is the root mean square of the ith displacement mode shape. The noisy mode shapes from the numerical mode shapes, extracted at all 51 3 101 nodes in ANSYS are generated using equation (4) . Fan et al. 20 concluded that damage can be detected correctly up to the noise range 1 3 10 -5 (comparison of results are given in the next section), but this range can be enhanced to detect the multiple damages in the plate-like structure. GSM method provides a good estimated DI for a range of noise levels, that is, 5 3 10 , and results are shown in Figure 7 (c) and (d) and Figure 8 (c) and (d) for damage cases 1 and 2, respectively. It does not indicate the location of the damage in the plate-like structure because of high noise level, but in case of through-width cracks, results remain effective at this range as shown in Figure  9(a)-(d) . However, it becomes ineffective for further increased noise level, that is, 5 3 10 -2 as shown in Figure 9 (e). So, damage cases 1, 2, and 3 behave differently at given range of noise.
The results of this research work are compared with published work, that is, Fan et al., 20 which clearly indicates that damage can be detected at higher noise range. The comparison results of both investigations are shown in Figures 10-12 .
Conclusion
Localization and detection of multiple damages in plate-like structures are presented in this article using CMS along with GSM. This technique is preferred because baseline information of healthy structure is not required. GSM technique is implemented in plate-like structure for detection of multiple damages with three different scenarios of damage. The ability of the given work is then demonstrated by analyzing the numerical mode shapes of a free-free (boundary conditions) plate. The presented method helped to improve the damage indices by reducing and removing fake peaks in the results and hence exploiting the maximum benefits of the response-based damage detection technique, that is, GSM. Finally, results of this research are also compared with previous published work, that is, Fan et al. 20 that offers better achievement for detection of multiple damages in the structure.
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